Abstract: Three types of coaxial polymer/polyaniline (PANi) fibers were prepared by in situ polymerization of aniline on the electrospun poly(methyl methacrylate) (PMMA), polystyrene (PS) and polyacrylonitrile (PAN) fibers, respectively. Scanning electron microscopy (SEM) and transmission electron microscope (TEM) were applied to characterize the morphologies of these core-sheath structures. Under identical polymerization conditions, a thicker layer of PANi was deposited on the hydrophilic PAN fibers than those on the other two hydrophobic polymer core fibers. The results revealed that the nature of the polymer cores could influence the formation of the coaxial fibers, which may provide a deeper insight into the formation of core-sheath nanostructures.
Introduction
Conjugated polymers have been extensively studied since they are excellent candidates for chemical sensors [1] , batteries [2] , light emitting diodes, anti-corrosion coatings, field effect transistors (FETs), and capacitors [3] owing to their chemical stability, ease of preparation and high conductivity [4] . Among the conjugated polymers, polyaniline (PANi) is especially attractive due to its simple acid/base doping/dedoping chemistry, which could enable a controllable level of doping to be readily achieved using various kinds of dopants [5] . Recently, PANi nanofibers or nanowires present an ideal system for studying charge transport and luminescence in one-dimensional (1-D) systems, and hold promise as the building blocks for nanoelectronics [3] . To date, 1-D PANi nanostructures have been synthesized using diverse methods, such as hard or soft template synthesis [6] , self-assembly method [7] , interfacial polymerization [8] and electrochemical polymerization [9] .
Electrospinning, as an effective and versatile method for nanofiber membranes, has been widely investigated for its multifunctional applications in nanocatalysis, filtration, tissue engineering, sensors, superhydrophobic surfaces, and drug delivery [10] . The approach of using electrospun polymer fibers as templates provides great versatility for the design of core-sheath and tubular materials with controlled dimensions. Dong et al. have prepared PAN/PANi [3] , PMMA/PANi and PS/PANi core-sheath fibers [11] through the chemical deposition of PANi onto preformed fibers via in situ polymerization. They have also prepared sub-micrometer PANi tubes from poly (Llactide) fiber templates [12] . Recently, as reported by Gong et al., electrospun poly (vinyl alcohol) fiber mats have also been used as a template for synthesizing PANi nanotubes in the same polymerization process [13] . However, to our best knowledge, little attention has been focussed on the investigation of the influence of the core fibers on the formation of PANi sheaths.
In this paper, we have investigated the influence of the core polymer fibers on the formation of the PANi sheath for the first time. The electrospun fibers mats of PMMA, PS and PAN were chosen as the core materials, followed by in situ polymerization of aniline on these core polymer fibers. The results showed that the hydrophilicity of the core fiber was propitious to the formation of the PANi sheath. We believe that our paper can construct a powerful platform to design and fabricate polymer/PANi composites nanofibers with desirable properties. Fig. 1 shows the SEM images of the electrospun polymer fibers. Under the optimal electrospinning conditions for each polymer solution, uniform and smooth fibers have been formed without beads. The average diameters of the electrospun fibers depend on types of the polymers used, the solution concentration and the electrospinning conditions [10] . Among the three polymer cores, PAN fibers (Fig. 1a) are the thinnest, with an average diameter of 100 nm, while PMMA (Fig. 1b) and PS fibers (Fig. 1c) show an average diameter of 800 nm and 1 μm, respectively. After in situ polymerization of aniline, a layer of PANi-ES have been deposited on the surface of each polymer core. Since all the three fiber mats are white and only the PANi-ES is dark green, the color of the resultant mats is expected to reflect the thickness of PANi-ES layer deposited onto the fibers. The PAN/PANi-ES coaxial fiber is dark green (Fig. 2a) while the PS/PANi-ES and PMMA/PANi-ES coaxial fibers are nearly white ( Fig. 2b and Fig. 2c ). Therefore, a thicker layer of PANi-ES deposited on PAN core could be easily concluded from the comparison of the color of these fiber mats. The wall thickness of the PANi was a function of deposition time. Longer deposition time might lead to the PANi clusters and particles around and between the electrospun polymer fibers [12] . Here, with a 6 min deposition, the core fibers have been coated with a rough smooth layer of PANi-ES and no clusters have been observed. The average diameters of PAN/PANi-ES core-sheath fibers (Fig. 1a 1 ) , PMMA/PANi-ES core-sheath fibers (Fig. 1b 1 ) and PS/PANi-ES (Fig. 1c 1 ) core-sheath fibers, are increased to approximately 300 nm, 900 nm, 1.1 µm, respectively. TEM images (Fig. 3) have confirmed the core-sheath structures. The thickness of PANi-ES sheaths have varied dramatically as the polymer core changed. For the PAN core, a roughly smooth layer of PANi-ES sheath of approximately 90 nm have been achieved, which is much thicker than those deposited on PMMA of 45 nm and PS of 40 nm fibers, respectively. We have also compared the FT-IR spectra of PAN/PANi-ES (Fig. 4a) , PMMA/PANi-ES (Fig. 4b) and PS/PANi-ES (Fig. 4c) core-sheath fibers with the PANi powder in emeraldine base state (EB) (Fig. 4d) . As it is seen, all the spectra are very similar and are in agreement with previously described spectra of pure emeraldine salt [14] . There are following main bands at ~1590 cm -1 (ν C=C of the quinoid rings), ~1491 cm -1 (ν C=N of the quinoid diimina units), ~1398 cm -1 (due the (ν C-N+ polaron), ~1305 cm -1 (ν C-N radical cation), ~1246 cm -1 (ν C-N benzene diamine units), and ~1148 cm -1 (ν C-H bending of the quinoid rings), confirming the formation of PANi-ES on the fibers mats. It has been reported previously that the thickness of the conducting polymer layer could be controlled by adjusting the solution stoichiometry and the deposition time [11] . However, in the present study, the nature of the core polymer appears to play an important role in controlling the thickness of the PANi-ES layers under identical deposit conditions. Since the deposition of PANi layers on the fibers have been carried out in aqueous solution, it is expected that the surface wettability of the core fibers would be critical for the thickness of PANi layers. Surface wettability of solid materials has a close relationship with both surface chemical compositions and topographic structures. The chemical compositions determine the surface free energy, and thus play important roles in wettability, but surface roughness can further enhance both the hydrophilicity of hydrophilic materials and the hydrophobicity of hydrophobic materials. Comparison of contact angles of the three neat mats is shown in Fig. 5 . It is obvious that the contact angle of PAN fiber mats (25.44 °) is much smaller than the PMMA (104.49 °) and PS fiber (116.99 °) mats, indicating that PAN is hydrophilic while PMMA and PS are hydrophobic. As the deposition of PANi on the core fibers have been initiated in aqueous solution, the anilinium ions can be easily adsorbed on the hydrophilic surface of PAN, resulting in a thicker PANi layer. In contrast, the hydrophobic surfaces of PMMA and PS fibers show adverse effect on the adsorption of the anilinium ions, and only thinner PANi layers with asymmetric structures are formed on the surfaces. In addition, interactions between the core and shell polymers should be considered as another factor. It is well known that interactions between different polymers could make the hybrid well dispersed and that specific functional groups can be used to induce coating during the precipitation and surface reactions on the core polymers. When PAN is used as the core fiber, the negatively charged -C≡N:
Results and discussion
δ-groups in PAN could form complexes with the polycationic PANi-ES through strong electrostatic effect [15] , which would be beneficial for the adherence of anilinium salt and favor the subsequent growth of the PANi-ES layers on the PAN core. However, when PS and PMMA cores are used, such a strong electrostatic interaction is absent due to the lack of any negatively-charged groups, which could prevent the consecutive deposition of PANi-ES on these cores and lead to the thin and asymmetric layers of PANi-ES.
The bulk conductivities of the aforementioned fiber mats at room temperature, measured by four-probe method, are as follows: 0.39 S/cm (PAN/PANi-ES coresheath fibers), 0.15 S/cm (PMMA/PANi-ES core-sheath fibers), and 0.12 S/cm (PS/PANi-ES core-sheath fibers). The conductivities of these fiber mats are closed to that of pure HCl-doped PANi powder (0.4 S/cm) which can be explained by the continuous phase of the PANi-ES layer on the polymer/PANi-ES core-sheath fibers. The reason for the higher conductivity of the PAN/PANi-ES core-sheath fibers is that the proportion of the uniform PANi layer in the PAN/PANi-ES core-sheath fibers is higher than that in the other two core-sheath fibers.
Experimental part
Materials PAN (M w =80,000, Jilin Carbon Group, China), PS (M w =230,000, Aldrich) and PMMA (M w =140,000, Aldrich) were used as received. Aniline (AR, Shantou Xilong Chemicals Co., China) was distilled twice under reduced pressure before use. N,NDimethylformamide (DMF), ammonium persulfate, hydrochloric acid and ethyl alcohol were purchased as analytically pure reagents from Tianjin Tiantai Fine Chemicals Co. (China) and used without further purification. Deionized water was used throughout the experimental work.
Instruments and measurements
A high-voltage power supply was purchased from Gamma High Voltage Supply, USA (ES 30-0.1P). The Scanning electron microscopy (SEM) measurements were recorded on a SHIMADZU SSX-550 microscope. Transmission electron microscope (TEM) measurements were taken using a JEX-2000EX microscope. Fourier transform infrared (FTIR) spectra were obtained with a BRUKER VECTOR22 FTIR spectrometer in the range 4000-400 cm -1 with 128 scans. The samples were prepared into KBr pellets. The contact angles of the mats were recorded on a JC2000C2 static contact angle/surface tension apparatus. Electrical conductivity was measured by a standard four-probe method.
Preparation of the core fibers
In the electrospinning process, the polymers were dissolved into DMF to prepare viscous solutions. DMF was chosen as a cosolvent due to its high dielectric constant, which facilitates the formation of uniform and ultrafine nanofibers. The weight concentration of the PAN, PMMA and PS solutions was 10%, 25% and 30%, separately. After stirring for 24 h, the solution was held in a spinning nozzle with a tip diameter of 1 mm and tilted a few degrees below the horizontal depending on the viscosity thus creating a slow flow rate of about one drop per thirty seconds through the pipette. A high voltage 15 kV was then applied to a copper wire inserted into the polymer solution in order to generate an electrical field between the solution and the aluminum foil, at a distance of 15 cm from the tip of the nozzle. Finally, the film attached on the aluminum foil was separated.
Depositing of PANi on the electrospun fibers
The depositions of PANi emeraldine salt (PANi-ES) on the three electrospun fiber mats were achieved by in situ polymerization under the identical experimental conditions. All the three fiber mats were suspended in the same aniline solution (4 mL of aniline in 200 mL of 1 M HCl solution). The depositions of PANi were initiated by the addition of an equal volume of ammonium persulfate solution as oxidant (2.9 g (NH 4 ) 2 S 2 O 8 in 200 mL of 1 M HCl solution). The reaction mixture was shaken gently, and the PANi layer formed gradually on the surface of the polymer fibers. All the fiber mats were removed from the reaction mixture after 6 min and rinsed with 1 M HCl to remove the reactants and excess PANi particles that precipitated on the surface. Finally, the fiber mats were dried in air for 24 h.
